Background and Purpose-The purpose of this study was to provide the first correlative study of the hyperdense middle cerebral artery sign (HMCAS) and gradient-echo MRI blooming artifact (BA) with pathology of retrieved thrombi in acute ischemic stroke. Methods-Noncontrast CT and gradient-echo MRI studies before mechanical thrombectomy in 50 consecutive cases of acute middle cerebral artery ischemic stroke were reviewed blinded to clinical and pathology data. Occlusions retrieved by thrombectomy underwent histopathologic analysis, including automated quantitative and qualitative rating of proportion composed of red blood cells (RBCs), white blood cells, and fibrin on microscopy of sectioned thrombi. Results-Among 50 patients, mean age was 66 years and 48% were female. Mean (SD) proportion was 61% (Ϯ21) 
A cute ischemic stroke may result from a diverse range of underlying disorders, often culminating in obstruction of an artery. The pathophysiological mechanisms that lead to obstruction of a proximal intracranial artery and resultant downstream ischemia are rarely discerned in the acute phase; however, the role of thrombosis as a cause of obstruction is frequently noted during evaluation. Most therapeutic strategies for acute ischemic stroke focus on clot disruption or resolution of thrombosis. 1 In fact, the only 2 Food and Drug Administration-approved therapies include pharmacological thrombolysis with intravenous tissue plasminogen activator and endovascular thrombectomy with various devices. [2] [3] [4] Intravenous tissue plasminogen activator does not depend on overt delineation of thrombus, yet subtle neuroimaging findings suggesting thrombosis in proximal intracranial arteries are often viewed as confirmatory evidence of a potentially extensive or destructive event that warrants aggressive treatment. [5] [6] [7] Before most endovascular revascularization procedures for stroke, noninvasive imaging in the form of CT or MRI may similarly reveal features suggestive of a proximal occlusion, yet characterizing such an occlusion typically relies on other approaches. A unique aspect of thrombectomy or clot retrieval from an intracranial artery in the setting of acute ischemic stroke is the opportunity to directly investigate clot composition or the nature of thrombosis or any material that has blocked flow to critically dependent downstream regions of the brain. 8 -10 Prior studies have analyzed the presence of early vessel signs on CT and MRI suggestive of thrombosis, including the hyperdense middle cerebral artery sign (HMCAS) on CT and blooming artifact (BA) on gradient-echo or other susceptibility-weighted MRI sequences. 5-7,10 -17 Many of these studies have correlated these findings as a poor prognostic factor in clinical outcome and diminished likelihood of revascularization. 7,10 -13,17,18 Most of the studies, however, have not shown angiographic correlation or actual pathological correlation with the features of the underlying occlusive lesion.
We previously described the initial series of pathological changes in thrombi retrieved from the proximal intracranial arterial circulation in acute stroke and now provide the first neuroimaging correlative study that may be used to predict clot composition. 8 This report describes the unique opportunity to investigate plaque or thrombus constituents that underlie the presence and characteristics of early vessel signs, including HMCAS and BA.
Methods
During the period from May 2001 through March 2007, 85 consecutive cases of acute ischemic stroke were evaluated with CT or MRI before endovascular thrombectomy at our center. Noninvasive imaging with CT or MRI was acquired per standard algorithm for acute stroke cases with noncontrast CT or a MRI protocol including gradient-recalled echo (GRE) sequences as previously described. 19 GRE images were acquired with slice thickness of 5 mm and no gap, TR 800 ms, TE 15 ms, 30°flip angle, 240 field of view, and 256ϫ144 matrix size. Selection criteria for this study included acute middle cerebral artery (MCA) occlusions with available noncontrast CT or GRE MRI data acquired immediately before endovascular thrombectomy and available thrombus pathology resulting from any retrieved specimen. CT studies acquired at outside institutions before transfer to our center were not included due to incomplete availability, poor quality, and inability to measure Hounsfield Unit (HU) density on non-DICOM (Digital-Imaging-and-Communications-inMedicine) format images. As a result, cases without CT or MRI acquired at our center and thrombectomies that did not yield a pathological specimen were excluded from our analyses.
Clinical, radiographic, and detailed angiographic data were prospectively acquired as part of ongoing work at our center. These data are routinely acquired and archived in a centralized database. Two board-certified vascular neurologists with accreditation in neuroimaging retrospectively reviewed the noncontrast CT or GRE sequences acquired immediately before endovascular thrombectomy blinded to clinical and angiographic variables as well as the results of pathological study. The presence or absence of HMCAS was scored on consensus reading by the 2 neuroimaging experts based on visual inspection. Conspicuity or increased density of the MCA in an asymmetrical fashion was used to categorize the HMCAS, although specific measures of HU density were not used in this determination. 20 After HMCAS rating, HU density measures were obtained of bilateral segments of the MCA. Axial GRE MRI scans were also reviewed in a consensus fashion to determine the presence or absence of BA based on visual inspection. BA was defined as an area of hypointensity or signal loss in the proximal MCA, often distorting the margins of the vessel. If CT or MRI artifacts obscured delineation of HMCAS or BA, then the associated imaging data set of that case was excluded from our analyses.
Digital subtraction angiography was used to confirm the diagnosis of MCA occlusion before thrombectomy. MCA occlusions with extension of clot into the ipsilateral internal carotid or anterior cerebral arteries were included in our analyses. Angiographic techniques and the thrombectomy procedure have been described elsewhere. 3 Thrombectomy cases included in our analyses were conducted as part of the Mechanical Embolus Removal in Cerebral Ischemia (MERCI) and Multi MERCI trials and as part of routine clinical care following the US Food and Drug Administration clearance of the Merci Retriever System. 3, [21] [22] [23] The MERCI and Multi MERCI trials evaluated the safety and efficacy of endovascular thrombectomy with the Merci Retrieval System (Concentric Medical, Inc, Mountain View, CA) in the treatment of proximal intracranial arterial occlusions performed within 8 hours of stroke symptom onset. 3, 21, 22 Mechanical thrombectomy was performed with the Merci Retriever System and subsequent generation devices in all cases of this report. Serial angiography from the initial diagnostic runs throughout the procedure until completion of thrombectomy was reviewed to assess features of arterial occlusion and corresponding collateral flow. 24 -26 The presence of occlusion and extent of antegrade perfusion in the downstream territory was measured with the Thrombolysis in Cerebral Infarction scale, and collateral perfusion was graded with the American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) collateral flow grading system. 24 Clot retrieval occurred sequentially throughout the thrombectomy procedure with variable amounts of thrombus extracted at each stage. After each pass of the device that appeared to reduce clot burden, the catheter was withdrawn and the distal aspect of the helical coil inspected for the presence of thrombus or any particulate material. If no discrete thrombus was identified, the aspirated material was then gently flushed with saline to uncover any smaller fragments that may be obscured. Photographs documented the relationship of thrombotic material with respect to the distal thrombectomy catheter and architecture of the retained clot. Thrombi were then placed on gauze or surgical dressing and photographed from multiple perspectives. Gross measurements of linear thrombus dimensions were taken using a guide. Thrombus material was immediately fixed in 10% phosphate-buffered formalin. Formalin-fixed specimens were embedded in paraffin, cut at 8-m thickness, and stained with hematoxylin and eosin. Histological sections were photographed with an Olympus BX41 microscope with an attached MicroFire digital camera (Model S99809). Histological examination was performed without knowledge of the clinical findings and was based on feature-detection analysis of functionally distinct processes, including platelet:fibrin accumulations (thrombosis in flowing blood), linear neutrophil and monocyte deposits (surface adherence interactions), and erythrocyte-rich accumulations (whole-blood coagulation). Clot composition was also categorized as red blood cell (RBC)-dominant, fibrin-dominant, or mixed by light microscopy. Further histopathologic analysis included semiautomated quantitative and qualitative measurements for the proportion of RBCs), white blood cells (WBCs), and fibrin composition from digitized whole slide digital images. Hematoxylin and eosin-stained slides were scanned in at 400ϫ magnification using an Aperio Scanscope XT digital scanner (Aperio, Vista, CA). The resulting individual digital image files were large, ranging from 200 MB to 5 GB, and required processing to smaller file sizes so that image analysis software could be used to quantify proportions of components. This processing was done using Adobe Photoshop CS3 (Adobe Systems, San Jose, CA) to assign pseudocolors to fibrin, RBCs, and nucleated WBCs. Pseudocolorization was conducted with a look-up table and automated thresholds to assign specific colors to imaging features of each clot component for calculation of specific content. Image J software (National Institutes of Health, Bethesda, MD) was then used to quantify the percentage of RBCs, WBCs, and fibrin by area. These pathology studies were repeated for each fragment of clot retrieved from the entire procedure. When multiple clot fragments were retrieved for analysis, the mean values across fragments were used for clot constituents (ie, RBC, WBC, fibrin).
Descriptive statistical analyses were performed on all clinical, radiographic, angiographic, and pathological data. The presence or absence of early vessel signs, including the HMCAS and BA, and the qualitative descriptions of clot pathology were treated as categorical variables in the statistical analyses. Percentages of each specific clot component were treated as continuous variables. The relationship between early vessel signs of thrombosis on CT and MRI and clot composition was probed using both 2 and analysis of variance statistics with significance noted below the Pϭ0.05 level. Statistical analyses were performed with the use of SPSS software (Version 16.0; SPSS, Inc, Chicago, I.L.).
Results
Among 50 patients who fulfilled entry criteria, the mean age was 66 years, 48% were female, and 82% were white. Clinical characteristics are summarized in the Table. Angiography demonstrated occlusions of the internal carotid artery in 52% and MCA in 48%. The Merci Retriever System was used either alone (78%) or in combination with intravenous (14%) or other treatments (intra-arterial tissue plasminogen activator [2%], angioplasty, stenting). The final median Thrombolysis in Cerebral Infarction score for patients included in this analysis was 2 (2% Thrombolysis in Cerebral Infarction 0, 22% 1, 40% 2, 36% 3).
A total of 20 CT scans was included for analysis of which 10 demonstrated HMCAS ( Figure 1 ). The HMCAS revealed a mean HU of 61 (Ϯ8 SD) across all cases. There were 32 MRI scans reviewed with 17 (53%) demonstrating BA ( Figure 2 ). The 2 patients who had both CT and MRI at our institution before angiography were found to have both HMCAS and BA, respectively. Acquisition of CT before MRI was used for screening purposes in cases in which MRI contraindications could not be immediately assessed. In these cases, the vessel signs were situated in the exact same vascular anatomic location.
Extracted thrombi were occasionally retrieved as a single mass, although most were retrieved in multiple fragments. These multiple retrieval specimens were obtained at various stages of each procedure and the time to clot retrieval varied extensively. There was no correlation between the amount of thrombus retrieved and recanalization or reperfusion status. The orientation of the occlusive thrombus within the vessel could not be unequivocally established due to the nature of the clot retrieval procedure and catheter manipulation. In some cases, however, intact clots on gross examination and histopathology could be readily oriented in space.
Across all retrieved thrombi, mean (SD) proportion of components was 61% (Ϯ21) fibrin, 34% (Ϯ21) RBCs, and 4% (Ϯ2) WBCs. Of the retrieved clots, 22 (44%) were classified as fibrin-dominant, 13 (26%) RBC-dominant, and (Figure 3) . A broad distribution of pathology was noted across all cases as depicted in Figure 4 . WBC composition was consistently marginal across all cases. In cases with multiple fragments obtained, there was no change in composition with successive clots retrieved. Over the 6-year period of this study, from the first retrieval case ever performed with the Merci Retriever System to a period Ͼ2 years after introduction to clinical practice, there was no change in pathological findings that may have implicated potential variation in technical aspects of the endovascular procedure. We have recently published an autopsy study describing patients with poor outcomes after this procedure. 27 No correlation was noted between the type of baseline imaging modality (ie, CT or MRI) and gross or histopathologic findings. There were also no differences between the timeline between baseline diagnostic imaging acquisition to clot retrieval (meanϮSD, 86Ϯ32 minutes) and the resultant thrombus constituents or composition.
(30%) mixed
HMCAS on CT was more commonly seen with RBCdominant and mixed than fibrin-dominant clot pathology (100% versus 67% versus 20%, Pϭ0.016). Mean percent RBC composition was higher in clots with HMCAS (47% versus 22%, Pϭ0.016), although HU density was not correlated with clot composition. BA was also more common in Figure 5 ). In the 2 cases with both CT and MRI, the complete concordance of HMCAS and BA was associated with RBC-dominant clots with elevated RBC composition on quantitative analyses. Absence of HMCAS or BA was more common with small, fibrin-rich specimens.
Our analyses revealed no correlation between imaging findings (HMCAS or BA) or thrombus histopathology with baseline variables, including stroke severity, or subsequent outcomes. Thrombus histopathology was unrelated to final determination of stroke etiology or mechanism (eg, cardioembolism or atherosclerosis) and was not predictive for successful extraction. Similarly, there were no differences in imaging or histopathologic features with respect to the timing of clot extraction.
Discussion
Noninvasive imaging modalities such as CT and MRI have delineated vessel abnormalities attributed to occlusive thrombus in acute ischemic stroke for Ͼ20 years without pathological corroboration of the nature of the underlying thrombus. 5, 15 Our findings provide the initial radiological-pathological correlation that early vessel signs (including the HMCAS on CT and BA on GRE MRI) reflect underlying clot pathology. The HMCAS and BA are commonly encountered in the triage of patients with acute stroke, resulting in much speculation to date about the type or composition of intravascular thrombus and related expected outcome with various revascularization strategies. Definitive statements about clot composition such as our observations must rely on comprehensive evaluation of clinical variables, noninvasive imaging, angiography, and gross examination with histopathology. 8 Furthermore, detailed pathological examination of the thrombus is possible only with mechanical thrombectomy, unlike the situation with intravenous or intra-arterial thrombolysis, aspiration, or angioplasty and stenting. Our findings reveal several novel observations about imaging of occlusive thrombus in acute ischemic stroke.
Acute MCA occlusion due to thrombus may reveal early vessel findings in only a fraction of cases and perhaps more importantly, the absence of such subtle imaging abnormalities does not rule out thrombotic occlusion. The HMCAS or BA was noted in approximately half of all our cases with successful thrombectomy. Initial descriptions of the HMCAS cited a much higher incidence, yet most successive studies reported detection rates of approximately 50%, consistent with our findings. [5] [6] [7] 11 HMCAS detection is undoubtedly influenced by variable methodology, including blinding, quantitative measures of HU, and other baseline factors. 20 Our results are also consistent with previously reported detection rates for BA, although stroke mechanism differentiated by cardioembolism or large artery atherosclerosis may affect conspicuity of BA. [12] [13] [14] Relatively greater thrombus burden associated with cardioembolism may increase BA conspicuity. 13 Absence of BA in 47% of our cases was generally associated with fibrin-rich thrombi, a potential target for pharmacological fibrinolysis. Only limited data were available to correlate HMCAS with BA because primary use of MRI and rapid triage to thrombectomy often obviate the need for CT. 14 HMCAS has been reported in as low as 15% of cases evaluated with routine use of CT alone before thrombolysis depending on case series and therapeutic benefit may be achieved irrespective of this finding. 28 Early vessel findings in other territories such as the posterior cerebral artery still await pathological correlation. 10, 13, 14, 29, 30 The HMCAS and BA reflect RBC content, a thrombus constituent, yet not the principal target of fibrinolysis. Classification of thrombi as RBC-dominant was noted in every case in which either HMCAS or BA was identified. These early vessel findings were increasingly infrequent with fibrinrich thrombi. The percentage of RBC was also closely linked with these imaging findings. Measurement of HU within the HMCAS yielded values consistent with recently lodged emboli, although it remains difficult to ascribe these density changes to a particular clot constituent. 10,20,31 Because we did not discern any correlation between HU density and RBC quantitative measures, one may conclude that the mere presence or absence of HMCAS using simple visual inspection is likely sufficient in distinguishing the presence of a RBC-rich clot or "red thrombus." The susceptibility effect of BA on GRE MRI has been ascribed to local ferromagnetic field distortion associated with RBC components as well. The HMCAS and BA are therefore indirect markers of occlusive thrombi, reflecting trapped RBC more closely than the fibrin mesh targeted by most arterial revascularization procedures developed to date for stroke. It remains possible, however, that mechanical thrombectomy specimens ensnare additional constituents and adjacent red thrombi during the endovascular procedure itself.
The potential to distinguish "red thrombi" from "white thrombi" has been a longstanding and elusive expectation of diagnostic imaging modalities. 32 Our previous findings on the initial analyses of clots causing ischemic stroke in humans questioned whether such traditional distinctions of "red versus white clots" are truly applicable, because much heterogeneity was observed among pathological specimens. 8 A subsequent report also described marked heterogeneity in thrombi. 9 Prediction of clot composition from CT or MRI may therefore be difficult, especially if one assumes that the HMCAS or BA reflects the original embolus rather than secondary components promoted by stasis proximal and distal to the occlusion site. Our findings on the HMCAS and BA that accentuate RBC content may also suggest that stasis and fresh thrombus are more common in such cases. Although it remains challenging to reconstruct the spatial orientation of the retrieved fragment with respect to the HMCAS or BA, limited reperfusion (Thrombolysis in Cerebral Infarction 0 or 1) in 24% of cases raises the possibility that RBC content was augmented by stasis. This hypothesis underscores the role of flow derangements in cerebral ischemia, up against the clot face, and in distal segments filled through collateral perfusion. 25 Stasis has previously been invoked in determining thrombus composition at the embolic source yet not at the recipient site. 10, 33 Angiography may be indispensible in distinguishing such factors. Interestingly, we found no correlation between amount of clot retrieved and subsequent reperfusion, suggesting that other aspects of ischemic pathophysiology beyond thrombosis will be essential in future therapeutic strategies for stroke.
The prognostic significance of the HMCAS and BA in the setting of arterial revascularization may be inherently flawed without consideration of the interaction between flow and thrombi in cerebral arteries. 25, 26 Many studies have attempted to define prognostic aspects of early vessel findings or their predictive role in revascularization, yet such outcomes are likely multifactorial, including considerations of how thrombus composition is not just the cause, but also the result of impaired flow. 7,10,11,13,16 -18 Despite an unequivocal link between the HMCAS and BA with RBC-dominant pathology, undue emphasis should not persuade clinicians to establish stroke etiology or plan revascularization strategies based on this finding alone. Our finding that imaging features of HMCAS or BA cannot alone predict successful clot extraction warrants investigation of other potential influential factors, because recanalization may be affected by many features in a given case. Further correlative studies should evaluate the impact of these imaging signs with various endovascular approaches, incorporating angiographic features to characterize flow.
The unique opportunity that permitted this comprehensive analysis of early vessel findings with thrombus pathological findings also imposed several limitations. Availability and quality of baseline imaging immediately before angiography resulted in further selection of a cohort already limited to candidates deemed suitable for mechanical thrombectomy. Our findings are limited by significant bias associated with excluding many cases, because the results relate only to clots in the proximal MCA that could be retrieved. Resilient occlusions and those with complete disintegration could not be studied and were thereby excluded from our analyses. It remains possible that some thrombi reflected changes of intravenous tissue plasminogen activator before angiography or even changes associated with standard procedural heparin administration. As noted, the orientation of clot fragments is speculative and other retained fragments may have differed in composition. Finally, our classification of clot types is also imperfect because most specimens were heterogeneous in nature with considerable variation across cases.
Conclusions
Our novel observations provide the first correlative study of early vessel signs in acute ischemic stroke with underlying clot composition. The HMCAS and BA are not ubiquitous in thrombotic MCA occlusion and failure to discern these subtle findings should not deter arterial revascularization strategies. Further studies are underway to delineate more detailed aspects of clot composition, including molecular features and architecture with respect to flow.
Sources of Funding
This work has been funded by National Institutes of Health-National Institute of Neurological Disorders and Stroke Awards K23 NS054084 (D.S.L.) and P50 NS044378.
Disclosures
All authors were employed by the University of California (UC), which holds a patent on the retriever devices for stroke, at the time of this work. The UC Regents received payments based on the clinical trial contracts for the number of subjects enrolled in the MR and Recanalization of Stroke Clots Using Embolectomy MR (MR RESCUE) multicenter clinical trial and the Concentric Merci Registry. D.S.L. is a scientific consultant regarding trial design and conduct to Concentric Medical (modest) and CoAxia (modest). C.S.K. is Principal Investigator of the National Institutes of Healthfunded MR RESCUE trial (P50 NS044378). S.T. is a scientific advisor of Reverse Medical (modest), which makes a device to treat acute stroke. 
